cedure III, the ischemic lesions were observed in 1 h both in the basal ganglia and in the cerebral cortex as loss of the reaction for tubulin in the neuropil, nerve cell bodies, and dendrites. The evidence of neuronal damage became apparent in the same areas later by staining with hema toxylin-eosin. The experimental model presented here may be suitable for investigation of the mechanism that shifts reversible ischemia to cerebral infarction and for evaluation of the effectiveness of pharmacological inter vention. Key Words: Cerebral ischemia-Immunohisto chemistry -Intracranial arterial occlusion-Rabbit-Tu bulin.
surface recording of various physiological parame ters and in vivo imaging technique. However, pri mates are not readily available, and the size and the location of ischemic lesions may be variable in other models. In the present investigation, there fore, we attempted to produce a consistent cortical and subcortical infarction in the rabbit by occlusion of the MCA and other intracranial arteries through transorbital craniectomy. For detection of the isch emic lesions, we used a sensitive immunohisto chemical method for tubulin. This work has been reported in abstract form (Yamamoto et aI., 1984) .
MATERIALS AND METHODS
New Zealand white rabbits (body weight 2.5-4.0 kg) were used for the present study. Each animal was anes thetized with intravenous administration of ketamine hy drochloride (25-35 mg/kg), tracheotomized, and venti lated with a respirator (Harvard Apparatus) after achiev ing muscle paralysis with intramuscular administration of pancuronium bromide (0.2 mg/kg). Mean arterial blood pressure was monitored manometrically with a catheter placed in the left femoral artery. The animal was placed in the headholder with its head turned to the left. A curved skin incision was made 0.5 cm medial to and along the superior medial rim of the right orbit, and the soft tissue was dissected to the rim of the orbital bone. The bony process was then removed with a rongeur to facil-itate enucleation of the eye. The remaining orbital content was dissected subperiosteally and removed at the apex of the intraorbital muscular cone and the optic nerve. D nder a dissecting microscope, craniectomy (lOx 5 mm) was carried out just above the optic foramen. After in cision of the dura and dissection of the underlying arach noid membrane, the intracranial portion of the internal carotid artery (lCA), the MCA, and the anterior cerebral artery (ACA) were identified (Figs. 1 and 2). To search for the presence of the azygos anterior cerebral artery (AZAC), the arachnoid membrane was further dissected anteriorly. Approximately 80% of rabbits had a single AZAC instead of an ACA on each side. No retraction of the brain tissue was necessary if manipulation of the mi croscope and positioning of the head were carried out appropriately.
Arterial occlusion was accomplished by application of a Mayfield miniature aneurysmal clip onto the artery. The following three procedures were carried out (Figs. I and 2). For procedure 1, only the MCA was occluded proxi mally. For procedure II, the MCA and AZAC, or the MCA and the anterior communicating artery (ACoA), were occluded depending on the presence of the AZAC or ACoA. For procedure III, the MCA, AZAC (or ACoA), and ICA were occluded. Craniectomy was cov ered with moist Gelfoam, and the wound and eyelid were closed with sutures. Physiological profiles prior to crani ectomy, 1 h after occlusion of the arteries, and 6 h after procedure II and 8 h after procedure III are shown in Table I . Blood gas analysis was carried out with a Blood Micro System (Radiometer). Temperature was measured rectally. A routine centrifugation method was used for determination of hematocrit, and an automated enzy matic method was used for determination of blood glu cose. The mean arterial blood pressure remained stable during the surgical procedure, and arterial pH, Pa02, and PaC02 values also remained stable. Two rabbits under went sham operation where the three arteries were gently touched with a forceps without occlusion with the clips.
For the immunohistochemical investigation, each rabbit was anesthetized at the predetermined time in terval with intravenous administration of pentobarbital (60 mg/kg) and the brain was promptly removed. The su pratentorial part of the brain was divided into blocks with coronal sections, fixed in ethanol containing 5% glacial acetic acid at 4°C, and embedded in paraffin. Details of the immunohistochemical procedure and the method for preparation of the goat antiserum against tubulin from gerbil brains have been described previously (Yoshimine et aI., 1984) . This antiserum has cross-reacted with an tigens from the human or rabbit brain. A 5-fLm tissue section was hydrated in 50 mM Tris-HCI buffer (pH 7.6) containing 0.8% saline and then incubated with the 10% normal rabbit serum, primary antiserum (1 :250), rabbit anti-goat immunoglobulin G, and peroxidase-antiperox idase complex (Miles Laboratories), with washing of each specimen with the buffered saline containing 0.1 % Triton x-100 between each incubation. The specimen was then reacted with 0.03% diaminobenzidine tetrahydrochloride and 0.01 % HP2' Counterstaining was achieved with Har ris's hematoxylin to visualize cell nuclei. A control sec tion was taken for each experimental specimen and was incubated with the absorbed primary antiserum or the nonimmunized goat serum. The nonoperated side also FIG. 1. Microscopic view through the right transorbital craniectomy to show the middle cerebral artery (MCA) (1), azygos anterior cerebral artery (AZAC) (2), and internal carotid artery (ICA) coming through the dura (3). The arrows indicate the sites where each artery is to be occluded. An artery (4) that supplies blood flow to the temporal region often branches out directly from the ICA just proximal to the MCA, but sometimes branches out from the MCA. There are many arterial branches (5) directly coming from the anterior cerebral artery (ACA) between the ICA (3) and AZAC (2). White spots on the ACA and the adjacent vein are light reflections. served as control. The adjacent section was stained with hematoxylin-eosin (HE) for comparison.
For investigation of the regional arterial perfusion pat tern, the rabbit was anesthetized with intravenous ad ministration of pentobarbital (60 mg/kg) 30 min after ar terial occlusion, and after thoracotomy and clamping of the descending aorta, transcardiac perfusion was carried out through the left ventricle with 100 ml of 0.9% saline, 150 ml of 10% neutralized formalin, and 100 ml of warm 20% India ink solution containing 0.5% agarose and 10% formalin . Two rabbits were perfused for each surgical procedure.
RESULTS
Clinically, rabbits showed only mild left hemipa Results are expressed as means ± SD based on four rabbits for procedures I and III and three rabbits for procedure II. MCA, middle cerebral artery; AZAC, azygos anterior cerebral artery; lCA, internal carotid artery. Procedures I, II. and III indicate occlusion of the right middle cerebral artery (MCA) only, occlusion of the right MCA and azygos anterior cerebral artery (AZAC) [or anterior communi cating artery (ACoA) ]. and occlusion of the right MCA , AZAC (or ACoA) , and internal carotid artery, respectively. TB, im munohistochemical reaction for tubulin; HE, staining with he matoxylin-eosin. Four rabbits were used for each ischemic pe riod in each procedure. neuronal spaces and decreased staining of the neu ropil in the basal ganglia. After ischemia for 8 h, the reaction for tubulin showed a diffuse loss in the frontoparietal region affecting the entire depth of the gray matter in one rabbit and the central part in three others (Fig. 4) . In addition to the neuropil and neuronal cell bodies, ascending dendrites were also extensively affected. The HE staining showed in creased perineuronal spaces and pyknotic nuclei in the same area in one rabbit after 8 h. After 12 h, all rabbits showed lesions in the cerebral cortex, cau date nucleus, putamen, globus pallidus, and lateral amygdaloid nucleus with the reaction for tubulin.
The ischemic lesions were similar in size among four rabbits (Fig. 4) . The HE staining also demon strated pyknotic nuclei and increased perineuronal spaces in the same areas.
With procedure II, lesions in the caudate nucleus and putamen became visible in three rabbits after 1 h with the reaction for tubulin, whereas only one two rabbits showed loss of the reaction for tubulin in the neuronal cell bodies, ascending dendrites, and neuropil in the entire depth of the gray matter.
Others showed milder lesions affecting the neuropil and neuronal cell bodies. The HE staining showed lesions in only two rabbits with increased perineu ronal spaces, decreased staining of the neuropil, and pyknotic nuclei in layers IV and V. After 8 h, the lesions in the basal ganglia were similar to those after ischemia for 6 h. In the cerebral cortex, the ischemic lesions were similar in size among four rabbits with the reaction for tubulin. With HE staining, all four rabbits showed lesions in the ce rebral cortex. In the advanced lesions, increased perineuronal spaces, decreased staining of the neu ropil, and pyknotic nuclei were observed, whereas only increased perineuronal spaces were observed in the milder lesions.
With procedure III, no lesion was detected after 30 min in the basal ganglia or cerebral cortex with either the reaction for tubulin or the HE staining.
After 1 h, however, all rabbits showed lesions in the basal ganglia with loss of the reaction for tubulin in the neuropil and neuronal cell bodies, and the HE staining showed increased perineuronal spaces in all rabbits. In the cerebral cortex, loss of the reac tion for tubulin was observed in the neuropil in all rabbits and in neuronal cell bodies in three rabbits, whereas the HE staining showed increased perineu ronal spaces in only one rabbit. After 2 h, the reac tion for tubulin showed a diffuse and a more exten sive area of reaction loss in the basal ganglia in the neuropil and neuronal cell bodies (Fig. 5) , and the HE staining showed increased perineuronal spaces in all and decreased staining of the neuropil in three rabbits. In the cerebral cortex, all rabbits showed loss of the reaction for tubulin in the neuropil and neuronal cell bodies in the entire depth of the gray matter in the frontoparietal region, and three rabbits demonstrated loss of the reaction in ascending den drites in the same area (Fig. 5 ). The HE staining showed increased perineuronal spaces in all rabbits with decreased staining of the neuropil in some areas. After 3 h, no further notable change was ob served in the basal ganglia. In the cerebral cortex, the extent of loss of the reaction for tubulin was FIG. 5 . Microscopic appearance of the ischemic areas as detected with the immunohistochemical reaction for tubulin. In the control cerebral cortex (A), nerve cell bodies, ascending dendrites, and the neuropil showed positive reaction, whereas the reaction in nerve cell bodies and the neuropil was markedly diminished in the ischemic area 3 h after occlusion of the middle and azygos anterior cerebral arteries and the internal carotid artery (8). Some dendrites still retained the peroxidase reaction.
In the control caudate nucleus, small nerve cell bodies, short dendrites, and neuropil showed positive reaction (C), whereas the reaction was markedly reduced or lost in those elements in the above-mentioned ischemic condition leaving cell nuclei that were visualized with hematoxylin (0). The original photographs were taken at x 200. more advanced. The ischemic lesions were similar in size among four rabbits in both the basal ganglia and the cerebral cortex (Fig. 4) . With the HE staining, decreased staining and vacuolation of the neuropil became more evident.
The affected areas in the cerebral cortex and basal ganglia were similar in size 12 h after proce dure I, 8 h after procedure II, and 3 h after proce dure III (Fig. 4) . Microscopically, the extent of reaction loss for tubulin in the cerebral cortex was slightly less 3 h after procedure III, whereas neu ronal damage as visualized with the HE staining was most advanced 12 h after procedure l.
DISCUSSION
Occlusion of the MCA in the rabbit produced cor tical ischemic lesions consistently, but it was a slow process requiring 8 h. This was contrasted to oc clusion of the MCA in the gerbil , where ischemic le sions could be observed as early as 10 min. This is most likely due to rich collateral circulation in the rabbit brain. The cerebral perfusion study with Marked reduction of collateral circulation short ened the period necessary for production of cortical and subcortical ischemic lesions to 1 h.
With procedures I and II, the lateral part of the caudate nucleus devloped the ischemic lesion first, and it took at least another hour before the cerebral cortex developed the lesion. Although we did not evaluate the time interval between 30 min and 1 h for procedure III, the ischemic lesion was also more advanced in the caudate nucleus than in the cere bral cortex at 1 h. This may be due to the difference in tissue vulnerability, but also to the difference in the extent of residual perfusion after arterial occlu sion. This question has to be answered by mea surement of regional blood flow in the future.
The immunohistochemical reaction for tubulin re vealed loss of the reaction in the neuropil, nerve cell bodies, and dendrites in the area where pyk-notic neuronal nuclei and loss of background staining subsequently emerged with HE staining. In our previous investigation of cerebral ischemia in the gerbil, we also observed prompt disappearance of the reaction for tubulin and creatine kinase BB isoenzyme . Although fur ther investigation after reestablishment of blood flow is required to determine the irreversibility of the immunohistochemical reaction in the present model, we anticipate the loss of the reaction for tubulin to become irreversible before the evidence of neuronal damage, such as emergence of pyknotic nuclei, becomes apparent with the HE staining, as we have observed with gerbils after reestablishment of cerebral circulation . The mechanism for the disappearance of the reaction for tubulin is not clear at present, but the possibility of the disintegration of microtubules caused by an al teration of the intracytoplasmic microenvironment, such as influx of calcium and shift of pH, has been considered .
With the present model, the sizes of the ischemic lesion in the cerebral cortex and basal ganglia be came similar among animals in the same group 12 h after procedure I, 8 h after procedure II, and 3 h after procedure III, even though they were not con sistent at earlier time periods. Furthermore, the af fected areas among the three procedures at the aforementioned time intervals were also similar ( Fig. 4 ). This experimental model, particularly pro cedures I and II, is not comparable to embolic stroke commonly encountered in human patients.
However, it may be comparable to slowly progres sive stroke seen in hemodynamic cerebrovascular disease. Comparison of this model and a model of rapidly progressive stroke such as occlusion of the MCA in the gerbil ) would be useful for elucidation of the pathophysiological mechanism of cerebral ischemia and infarction.
This model may also be useful for evaluation of the efficacy of pharmacological intervention, and has potential for experimental procedures that require in vivo imaging techniques.
